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xpan@whu.edu.cnAbstract A process to fabricate a kind of novel micro–nano scaled TiO2/CuS composite ﬁbers by
electrospinning technique and chemical precipitation method was developed in the present study.
The microstructures and photoelectronic properties of the ﬁbers were characterized using SEM,
FT-IR, UV–vis and ﬂuorescence spectroscopy. The results revealed that the TiO2 portion in the
composite ﬁbers was a mixture rutile and anatase phases while TiO2 and CuS had been fully
composite. The ﬁbers had smooth surface with a diameter of 50–300 nm. Comparing with pure
TiO2 ﬁber, the TiO2/CuS micro–nano-scaled composite ﬁbers exhibited a strong absorption in the
visible light region and the efﬁciency of photo-induced charge separation were enhanced. This
composite system is of widely potential applications in the areas such as solar cells, supercapacity,
photocatalysis, etc.






Electrospinning is a remarkably simple method to produce novel
ﬁbers with diameters scales ranging from nanometers to micro-
meters [1,2]. A standard electrospinning system consists of three
parts involving collector, high voltage power supply and syringe
pump [3]. The basic electrospinning process is as follows [2]:
(1) The droplet of solution is deformed into a conical shape with
high-voltage. (2) Once the voltage has surpassed a threshold value,
the conical shaped droplet changes into a high speed liquid jet,
which experiences a rapid bending and whipping process. (2) The
stretched and dry ﬁbers were collected by a piece of aluminum foil
covered on the metal substrate. Recently, many new processes
from electrospinning techniques have been brought for preparing
various nanoﬁbers assemblies [4].
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applied in areas, such as air cleaning, biomedical and waste-
water treatment. It is also an excellent and high efﬁcient
photocatalyst. However, TiO2 has two inherent defects to
mainly decrease its photocatalysis activity [5,6], that is: large
band gap of 3.20 eV and high recombining ratio of photo-
induced electron-holes. The large band gap makes it only
absorb the UV light with a wavelength of no longer than
387 nm, and leads to a low utilization ratio of solar light. The
high recombining ratio results in a little proportion of photo-
induced electron-holes moving to the TiO2 surface and
participating in photocatalysis. Therefore, lots of research
works have been done for improving the catalytic properties
by adoption of doping in TiO2 compounds.
Electrospinning technique was ﬁrstly used to fabricate TiO2
ﬁbers in 2003 [7]. Up to now, in addition to TiO2 ﬁbers [8,9],
many other composite ﬁbers, such as V2O5/TiO2, ZnO/TiO2,
WO3/TiO2, CdS/TiO2, etc. have been reported using electro-
spinning, which exhibited a great enhancement in TiO2 photo-
catalytic properties [10–15]. Copper sulphide (CuS) is a kind of
narrow band gap semiconductor, which shows excellent proper-
ties in catalysis and photoluminescence [16]. It has been widely
used in many areas. The composite system between CuS and
TiO2 provides a possibility to have the visible-light absorption
and improve photon-induced electron-hole separation.
In the present investigation, the authors present a novel and
simple method for preparing TiO2/CuS composite ﬁbers by
electrospinning a titanium alkoxide precursor containing a copper
salt. The microstructures and photoelectron properties of the
composite ﬁbers were characterized systematically. It is expectedFig. 1 SEM images of ﬁbers: (a) PVP/TiO2;to provide the experimental and theoretical bases for its further
applications in photocatalysis, supercapacity, solar cells, etc.2. Experimental
The commercial raw materials and reagents included tetra-
butyl titanate, thioacetamide (TAA), chlorinated copper
(CuCl2  2H2O), ethanol and acetic acid (Sinopharm Chemical
Reagent Co., Ltd), and polyvinyl pyrrolidone (PVP,
Mw¼1,300,000) (Shanghai Aladdin Reagent Co., Ltd.).
The precursor solution used for electrospinning was obtained
by (1) adding appropriate amount of CuCl2  2H2O and 11.524 g
Ti(OBu)4 (20 wt%) to the mixture of 40 ml ethanol and 10 ml
acetic acid, and magnetic stirring at room temperature for 0.5 h
to get a homogeneous solution; (2) adding 4.034 g PVP (7 wt%)
into above solution and magnetic stirring for 2 h.
After electrospinning, the initial TiO2/CuCl2/PVP ﬁbers mat
was collected by a piece of aluminum foil covered on the
collector. The distance and voltage between the needle and
collector was 12 cm and 12 kV, respectively. The precursor
solution was sprayed at a constant speed of 30 mL/min. The
initial TiO2/CuCl2/PVP ﬁbers mat was dried in the air at 80 1C
for 4 h. Then, the ﬁbers were annealed at 493 1C for 10 h in air
for resolving PVP and obtaining the TiO2/CuCl2 ﬁbers mat.
Afterward, the TiO2/CuCl2 ﬁbers were exposed to a TAA
solution (0.1 mol/L) and dispersed by magnetic stirring. After
reaction for 2 h, when the TiO2/CuS composite ﬁbers were
formed, the composite ﬁbers were separated from the suspen-
sion by centrifugation at 12,000 rpm for 2 min. And then the(b) TiO2; (c) TiO2/CuS and (d) TiO2/CuS.
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CuS could be adjusted by varying the concentration of CuCl2 in
the precursor solution.Fig. 2 XRD patterns of TiO2 and TiO2/CuS ﬁbers.
Fig. 3 FT-IR absorption spectra of TiO2 and TiO2/CuS ﬁbers.
Fig. 4 (a) UV–vis diffuses reﬂectance spectra of TiO2 and TiO2/CuS
TiO2/CuS ﬁbers.The morphologies and crystalline structures of the compo-
site ﬁbers were characterized using a scanning electron micro-
scope (SEM) (Sirion, FEI, Eindhoven, the Netherlands), and a
X-ray diffraction spectrometer (XRD) (D8 Advanced XRD;
Bruker AXS, Karlsruhe, Germany) with Cu Ka radiation.
UV–vis diffuse reﬂectance spectra (DRS) of the ﬁbers were
measured using a diffuse reﬂectance accessory of UV–vis
spectrophotometer (DRS) (UV-2550; Shimadzu, Kyoto,
Japan). The photoluminescence (PL) emission spectra of the
ﬁbers were detected with a ﬂuorescence spectrophotometer
(Hitachi F-4600, Japan). The infrared absorption spectra of
the ﬁbers were detected with a Fourier transform infrared
spectrometer (FT-IR) (Nicolet is10; America).3. Results and discussion
Fig. 1 shows the SEM images of the electrospun nano-micro-
scaled TiO2/PVP ﬁbers, TiO2 ﬁbers and TiO2/CuS ﬁbers,
respectively. Obviously, the pure TiO2 ﬁbers exhibited a
smooth surface, and the diameters varied a large range from
50 nm to 500 nm. However, after annealing, as shown in
Fig. 1(b), the diameters decreased about 30% due to PVP
resolving at high temperature. Especially, the TiO2/CuS ﬁbers,
as shown in Fig. 1(c) and (d), were of more fracture and
broken with rough surface and ﬁne CuS particles due to the
exposition in the TAA solution.
XRD patterns of the TiO2 ﬁbers and TiO2/CuS ﬁbers
indicated that after annealing at 493 1C for 10 h, both rutile
and anatase TiO2 phases were co-existing in the ﬁbers. The peaks
at 2y¼25.41 and 2y¼27.51 were assigned to (101) plane of
anatase and (110) of rutile, respectively, as shown in Fig. 2. The
peaks of CuS also can be founded in the XRD patterns.
FT-IR measurements revealed that nano–micro-scaled
TiO2/CuS composite ﬁbers exhibited absorption at 3100 cm
1
and 1118.89 cm1, respectively, comparing to pure TiO2 ﬁbers,
as shown in Fig. 3. It demonstrated the successful composite of
the CuS and TiO2 ﬁbers substances.
Further UV–vis DRS tests found that in addition to
absorption for ultraviolet light, when the concentration of
CuS was 5%, the TiO2/CuS ﬁbers exhibited a strong absorp-
tion for the visible-light, as shown in Fig. 4(a). The band gap
energy of TiO2 ﬁbers and CuS particles were further calculatedﬁbers; (b) (aZn)1/2 as a function of photo energy for the TiO2 and
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aZn¼ constantðhnEgÞ2
where a¼(1R)2/2R, R¼10A, A is an optical absorption.
The band gap of semiconductor was estimated from a function
of (aZn)1/2 versus photon energy (hn). And simultaneously, the
band gap of the TiO2/CuS ﬁbers have been greatly narrowedFig. 5 PL emission spectra of TiO2 and TiO2/CuS ﬁbers.
Fig. 6 Transfer and separation of photogenerated electrons and
holes between TiO2 and CuS. (a) UV mode. (b) Visible mode.to 1.75 eV, due to the existence of CuS in the composite, as
shown in Fig. 4(b). Hence, more holes and electrons were
generated in the composite ﬁbers.
Fig. 5 illustrates the PL emission spectra of the pure TiO2
ﬁbers and TiO2/CuS ﬁbers. The PL emission spectra are used to
investigate the efﬁciency of charge carrier transfer and separation
because PL emission results from the recombination of free
carriers. Obviously, the TiO2/CuS ﬁbers exhibited lower emission
intensity than pure TiO2 ﬁbers, which indicated a lower
recombination ratio of photo-induced electrons and holes. And
therefore, the composite ﬁbers also possessed an appreciated
property for improving photoelectric conversion efﬁciency.
Fig. 6 gives a schematic diagram of the band gap and transmit
of photo-induced electrons and holes in the TiO2/CuS composite
ﬁbers. It can be seen that the energy level of conduction band edge
(ECB) of pure TiO2 is 4.21 eV, while the energy level of
conduction band edge (ECB) of CuS is 5.27 eV [19]. Due to
the narrow band gap (1.75 ev) of CuS, the CuS can absorb the
visible light with a wavelength no longer than 708 nm, which
offers a broader range of absorption than pure TiO2. As we know,
TiO2 can only absorb the light with a wavelength no longer than
387 nm. In addition, the conduction band and valence band of
CuS are lower than that of TiO2. Therefore, during irradiation by
sunlight, the photo-induced electrons tend to move from the
conduction band of CuS to the conduction band of TiO2, while
photo-induced holes tend to move from the valence band of TiO2
to the valence band of CuS. So the photo-induced electrons and
holes have been effectively separated in the TiO2/CuS heterojunc-
tion, which decreases the recombining ratio of photo-induced
electrons and holes, and improves the photoelectric conversion
efﬁciency of the TiO2 semi-conductor materials.
4. Conclusions
The micro–nano scaled TiO2/CuS composite ﬁbers were ﬁrstly
prepared by the electrospinning technique and chemical precipita-
tion method. Compared with regular pure TiO2 ﬁbers, the TiO2/
CuS composite ﬁbers exhibited advantages including wide adsorp-
tion range extending to the visible light and improvement of the
separation ratio of photo-induced electrons and holes, which was
demonstrated by the UV–vis diffuses reﬂectance spectra and the
PL emission spectra. It is of widely potential applications in the
areas in solar cells, supercapacity, photocatalysis, etc.
Acknowledgment
This research was ﬁnancially supported by the National Basic
Research Program of China (973 Program) (nos. 2009CB939704
and 2009CB939705), the National Nature Science Foundation of
China (no. J0830310), and Chinese Universities Scientiﬁc Fund.
References
[1] H. Wang, M. Wang, An investigation into the inﬂuence of
electrospinning parameters on the diameter and alignment of
poly(hydroxybutyrate-co-hydroxyvalerate) ﬁbers, Journal of
Applied Polymer Science 120 (3) (2011) 1694–1706.
[2] D. Li, J.T. McCann, Y.N. Xia, Electrospinning: a simple and
versatile technique for producing ceramic nanoﬁbers nanotubes,
Journal of the American Ceramic Society 89 (6) (2006) 1861–1869.
[3] M.B. Leon, G.C. Harold, Applications of controlled electrospin-
ning systems, Polymers for Advanced Technologies 22 (3) (2011)
304–309.
Fabrication and characterization of electrospun TiO2/CuS micro–nano-scaled composite ﬁbers 63[4] W.E. Teo, R. Inai, S. Ramakrishna, Technological advances in
electrospinning of nanoﬁbers, Science and Technology of
Advanced Materials 12 (1) (2011) 013002.
[5] G. Liu, L.Z. Wang, G.Q. Lu, Titania-based photocatalysts—
crystal growth, doping and heterostructuring, Journal of Materials
Chemistry 20 (5) (2010) 831–843.
[6] A. Fujishima, X.T. Zhang, D.A. Tryk, TiO2 photocatalysis and
related surface phenomena, Surface Science Reports 63 (12) (2008)
515–582.
[7] D. Li, Y.N. Xia, Fabrication of titania nanoﬁbers by electro-
spinning, Nano Letters 3 (4) (2003) 555–560.
[8] B.H. Lee, M.Y. Song, D.Y. Kim, et al., Charge transport
characteristics of high efﬁciency dye-sensitized solar cells based
on electrospun TiO2 nanorod photoelectrodes, Journal of Physical
Chemistry C 113 (51) (2009) 21453–21457.
[9] J.Y. Park, S.S. Kim, Effects of processing parameters on the
synthesis of TiO2 nanoﬁbers by electrospinning, Metals and
Materials International 15 (1) (2009) 95–99.
[10] S.H. Wei, Y. Zhang, M.H. Zhou, Toluene sensing properties
of toluene sensing properties of SnO2–ZnO hollow nanoﬁbers
fabricated from single capillary electrospinning, Solid State
Communications 151 (12) (2011) 895–899.
[11] M.A. Kanjwal, F.A. Sheikh, H.Y. Kim, et al., Electronic
characterization and photocatalytic properties of TiO2/CdO
electrospun nanoﬁbers, Journal of Materials Science 45 (5)
(2010) 1272–1279.[12] R.L. Liu, H.Y. Ye, H.Q. Liu, et al., Fabrication of TiO2/ZnO
composite nanoﬁbers by electrospinning and their photocatalytic
property, Materials Chemistry and Physics 121 (3) (2010) 432–439.
[13] J.H. Pan, W.I. Lee, Preparation of highly ordered cubic meso-
porous WO3/TiO2 ﬁlms and their photocatalytic properties,
Chemistry of Materials 18 (3) (2006) 847–853.
[14] R. Ostermann, D. Li, Y.N. Xia, et al., V2O5 nanorods on TiO2
nanoﬁbers: a new class of hierarchical nanostructures enabled
by electrospinning and calcination, Nano Letters 6 (6) (2006)
1297–1302.
[15] C.H. Wang, C.L. Shao, Y.C. Liu, et al., SnO2 nanostructures TiO2
nanoﬁbers heterostructures: controlled fabrication and high photo-
catalytic properties, Inorganic Chemistry 48 (15) (2009) 7261–7268.
[16] J. Xu, X.J. Cui, J.F. Li, et al., Preparation of CuS nanoparticles
embedded in poly(vinyl alcohol) nanoﬁbre via electrospinning,
Bulletin of Materials Science 31 (2) (2008) 189–192.
[17] M.A. Butler, Photoelectrolysis and physical properties of the
semiconducting electrode WO3, Journal of Applied Physics 48
(1977) 1914–1920.
[18] Y.P. Zhang, C.X. Pan, Y. Wang, et al., Engineering nanostruc-
tured Bi2WO6–TiO2 toward effective utilization of natural light in
photocatalysis. Journal of the American Ceramic Society 2011;
doi:10.1111/j.1551-2916.2011.04905.x.
[19] Y. Xu, M.A.A. Schoonen, The absolute energy position of
conduction and valence bands of selected semiconducting miner-
als, American Mineralogist 85 (2000) 543–556.
